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Abstract
We present the first lattice QCD calculation of the charm quark contribution to the nucleon electromagnetic form fac-
tors GcE,M(Q
2) in the momentum transfer range 0 ≤ Q2 ≤ 1.4 GeV2. The quark mass dependence, finite lattice spacing
and volume corrections are taken into account simultaneously based on the calculation on three gauge ensembles in-
cluding one at the physical pion mass. The nonzero value of the charm magnetic moment µcM = −0.00127(38)stat(5)sys,
as well as the Pauli form factor, reflects a nontrivial role of the charm sea in the nucleon spin structure. The nonzero
GcE(Q
2) indicates the existence of a nonvanishing asymmetric charm-anticharm sea in the nucleon. Performing a non-
perturbative analysis based on holographic QCD and the generalized Veneziano model, we study the constraints on the
[c(x)− c¯(x)] distribution from the lattice QCD results presented here. Our results provide complementary information
and motivation for more detailed studies of physical observables that are sensitive to intrinsic charm and for future
global analyses of parton distributions including asymmetric charm-anticharm distribution.
Keywords: Intrinsic charm, Form factor, Parton distributions, Lattice QCD, Light-front holographic QCD,
JLAB-THY-20-3155, SLAC-PUB-17515
1. Introduction
The charm-anticharm sea in the nucleon has received
great interest in nuclear and particle physics for its par-
ticular significance in understanding high energy re-
actions associated with charm production. Quantum
Chromodynamics (QCD), the underlying theory of the
strong interaction, allows heavy quarks in the nucleon-
sea to have both perturbative “extrinsic” and nonpertur-
bative “intrinsic” origins. The extrinsic sea arises from
gluon splitting triggered by a probe in the reaction. It
can be calculated order-by-order in perturbation theory
if the probe is hard. The intrinsic sea is encoded in the
nucleon wave functions.
The existence of nonperturbative intrinsic charm (IC)
was originally proposed in the BHPS model [1] and in
the subsequent calculations [2, 3, 4] following the orig-
inal proposal [1]. Proper knowledge of the existence of
IC and an estimate of its magnitude will elucidate some
fundamental aspects of nonperturbative QCD. There-
fore, the main goal of this article is to investigate the
existence of nonzero “intrinsic” charm of nonperturba-
tive origin in the nucleon. In the case of light-front (LF)
Hamiltonian theory, the intrinsic heavy quarks of the
proton are associated with higher Fock states such as
|uudQQ¯〉 in the hadronic eigenstate of the LF Hamil-
tonian; this implies that the heavy quarks are multi-
connected to the valence quarks. The probability for the
heavy-quark Fock states scales as 1/m2Q in non-Abelian
QCD. Since the LF wavefunction is maximal at mini-
mum off-shell invariant mass; i.e., at equal rapidity, the
intrinsic heavy quarks carry large momentum fraction
xQ. A key characteristic is different momentum and spin
distributions for the intrinsic Q and Q¯ in the nucleon, as
manifested, for example, in charm-anticharm asymme-
try [5, 6], since the comoving quarks can react differ-
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ently to the global quantum numbers of the nucleon [7].
IC was also proposed in meson-baryon fluctuation
models [8, 9]. The possible direct and indirect relevance
of IC in several physical processes has led to many phe-
nomenological calculations involving the existence of
a non-zero IC to explain anomalies in the experimen-
tal data and possible signatures of IC in upcoming ex-
periments [7]. Unfortunately, the normalization of the
|uudcc¯〉 intrinsic charm Fock component in the light-
front wavefunctions (LFWF) is unknown. Also, the
probability to find a two-body state D¯0(uc¯)Λ+c (udc) in
the proton within the meson-baryon fluctuation models
cannot be determined without additional assumptions:
precise constraints from future experiments and/or first-
principles calculations are required.
The effect of whether the IC parton distribution is
either included or excluded in the determinations of
charm parton distribution functions (PDFs) can induce
changes in other parton distributions through the mo-
mentum sum rule, which can indirectly affect the analy-
ses of various physical processes that depend on the in-
put of various PDFs. An estimate of intrinsic charm (c)
and anticharm (c¯) distributions can provide important
information to the understanding of charm quark pro-
duction in the EMC experiment [10]. The enhancement
of charm distribution in the measurement of the charm
quark structure function Fc2 compared to the expecta-
tion from the gluon splitting mechanism in the EMC
experimental data has been interpreted as evidence for
nonzero IC in several calculations [2, 3, 11, 12]. A pre-
cise determination of c and c¯ PDFs by considering both
the perturbative and nonperturbative contributions is
important in understanding charmonia and open charm
productions, such as the J/ψ production at large mo-
mentum from pA collisions at CERN [13], from piA col-
lisions at FNAL [14], from pp collisions at LHC [15],
and charmed hadron or jet production from pp colli-
sions at ISR, FNAL, and LHC [15, 16, 17, 18]. LHC
measurements associated with cross section of inclusive
production of Higgs, Z, W bosons via gluon-gluon fu-
sion, and productions of charm jet and Z0 [19, 20, 21,
22], J/ψ and D0 mesons at LHCb experiment [15] can
also be sensitive to the IC distribution. The J/ψ photo-
or electro-productions near the charm threshold is be-
lieved to be sensitive to the trace anomaly component
of the proton mass, and some experiments have been
proposed at JLab [23] as well as for the future EIC to
measure the production cross section near the thresh-
old. The existence of IC in the proton will provide ad-
ditional production channels and thus enhance the cross
section, especially near the threshold. Similarly, open
charm production will also be enhanced by IC. If c and
c¯ quarks have different distributions in the proton, the
enhancements on D and D¯ productions will appear at
slightly different kinematics. IC has also been proposed
to have an impact on estimating the astrophysical neu-
trino flux observed at the IceCube experiment [24].
In global analyses of PDFs there are different ap-
proaches to deal with heavy quarks in which a transi-
tion of the number of active quark flavors is made at
some scale around the charm quark mass µc ∼ mc [25,
26, 27, 28]. The transition scale defines where the ex-
trinsic charm-anticharm sea enters. However, the intrin-
sic charm-anticharm sea can exist even at a lower scale.
In many global fits [29, 30, 31, 32, 33, 34], the charm
quark PDF is set to zero at µc, but this is an assumption
of no IC. In recent years, several PDF analyses started
to investigate the possibility of nonzero charm and an-
ticharm distributions at the scale µc [35, 36, 37, 38, 39],
but none of them can provide conclusive evidence or
exclusion for the intrinsic charm due to the absence of
precise data. A nonzero charm quark PDF at µc is not
necessarily evidence of intrinsic charm, because such
estimation depends on the heavy-quark scheme and the
µc value used in the fit. This explains the specula-
tion in [35] that the estimation of intrinsic charm may
strongly depend on the choice of the transition scale µc.
Fortunately, there is an ideal quantity, the asymmetric
charm-anticharm distribution [c(x)− c¯(x)], which would
be a clear signal for IC. Such asymmetry is allowed in
QCD because the nucleon has nonzero quark number,
the number of quarks minus the number of antiquarks,
and thus the c quark and the c¯ quark in a nucleon would
“feel” different interactions, leading to an asymmetric
charm-anticharm distribution. Although the absence of
such asymmetry does not exclude intrinsic charm, a
nonzero [c(x) − c¯(x)] can serve as strong evidence, be-
cause the extrinsic part of such asymmetry arising at the
next-to-next-to-leading order level is negligible [40].
Although the global fits [35, 36, 37, 38, 39] consider
the possibility of IC, all these fits assume [c(x)− c¯(x)] =
0; constraints on [c(x) − c¯(x)] have been warranted in
the global fit [38]. It was found in [38] that a precise
and accurate parametrization of the charm PDFs will
be useful for more reliable phenomenology using the
data from LHC experiments and will eliminate possi-
ble sources of bias arising from the assumptions of only
perturbatively-generated charm PDFs. It is therefore
important to determine if [c(x) − c¯(x)] , 0, and how or
whether the IC will have significant effect in the physi-
cal processes [13, 14, 15, 16, 17, 18, 19, 20, 21, 22]. A
precise and accurate knowledge of the IC will also have
a direct impact on determining the unknown normaliza-
tion constants of different model calculations associated
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with the nonperturbative c(x) and c¯(x) distributions.
An important question to ask is whether the first-
principles lattice QCD (LQCD) calculation can pro-
vide some constraints or complementary information re-
garding the existence of IC. Recently, there have been
LQCD calculations of the strange (s) quark electromag-
netic form factors [41, 42, 43, 44, 45, 46] with higher
precision and accuracy than previously attained by ex-
periments. These LQCD calculations provided indirect
evidence for a nonzero strange quark-antiquark asym-
metry in the nucleon by pinning down the nonzero value
of the strange electric form factor GsE(Q
2) at Q2 > 0.
The determination of GsE,M(Q
2) from the LQCD cal-
culation in [42] has led to precise determination of
neutral current weak axial and electromagnetic form
factors [44, 47]. Using LQCD results from [42, 43]
as constraints, it has been shown recently in [48],
within the light-front holographic QCD (LFHQCD) ap-
proach [49, 50, 51, 52] and the generalized Veneziano
model [53, 54, 55], that the [s(x) − s¯(x)] distribution is
negative at small-x and positive at large-x. This shows
the possibility of applying LQCD results for the phe-
nomenological study of the [s(x) − s¯(x)] asymmetry in
the absence of precise experimental data and global fits
of the strange quark PDFs.
The main goal of this article is to calculate the
charm electric and magnetic form factors, GcE(Q
2) and
GcM(Q
2), from LQCD at nonzero momentum transfer
and discuss their connection to the existence of IC and
a nonzero [c(x) − c¯(x)] asymmetry distribution in the
nucleon. Using the LQCD calculation of GcE,M(Q
2) as
constraint, we determine the [c(x) − c¯(x)] distribution
using the nonperturbative framework described in [56].
We note that the electromagnetic current is odd under
charge conjugation and the Dirac form factor Fc1(Q
2 >
0) provides a measure of the c-quark minus the c¯-quark
contribution due to the opposite charges of the quark
and antiquark. While Fc1(Q
2 = 0) = 0, required by
the quantum numbers of the nucleon, a positive Fc1(Q
2)
at Q2 > 0 implies that the c-quark distribution is more
centralized than the c¯ quark distribution in coordinate
space. This, in turn, results in a [c(x) − c¯(x)] asymme-
try in momentum space, thereby providing possible evi-
dence for the nonperturbative IC in the nucleon. On the
other hand, a nonzero charm Pauli form factor Fc2(Q
2)
and a nonzero charm magnetic moment µcM , 0 are con-
sequences of a nonzero orbital angular momentum con-
tribution to the nucleon from charm quarks [57]. This
can be understood in the inherently relativistic LF for-
malism where a nonzero anomalous magnetic moment
requires to have orbital angular momentum Lz = 0 and
Lz = 1 Fock-states components in the LFWF.
The remainder of this article is organized as follows:
In Section 2, we briefly discuss the LQCD calculation of
the charm electromagnetic form factors GcE,M(Q
2) and
determine these in the physical limit. In Section 3, we
use LQCD results for GcE,M(Q
2) as input for quantitative
analysis of the [c(x) − c¯(x)] asymmetry distribution in
the nucleon within the specific framework of LFHQCD
and the generalized Veneziano model. We also present
a brief qualitative discussion of our results in Section 4.
2. Lattice QCD calculation of Gc
E,M
(Q2)
We present in this section the first lattice QCD cal-
culation of the charm quark electromagnetic form fac-
tors in the nucleon. This first-principles analysis re-
quires a disconnected insertion calculation. By “discon-
nected insertion,” one refers to the nucleon matrix el-
ements involving self-contracted quark graphs (loops),
which are correlated with the valence quarks in the nu-
cleon propagator by the fluctuating background gauge
fields. (Notice the distinction with the term “discon-
nected diagram” used in the continuum Quantum Field
Theory literature.) Numerical expense and complexity
of the disconnected insertion calculations in LQCD, the
deficit of good signal-to-noise ratio in the matrix ele-
ments, and the possibility for a very small magnitude of
the c quark matrix elements make it difficult to obtain a
precise determination of GcE,M(Q
2). We, therefore, need
to accept several limitations while performing this cal-
culation. For example, the data is almost twice as noisy
compared to the matrix elements of the strange electro-
magnetic form factors GsE,M(Q
2) [42, 43, 44] and we
do not see any signal for one of the gauge ensembles
(32ID with a lattice spacing of a = 0.143 fm [58]) used
in the previous calculations [42, 44]. Moreover, we are
only able to perform the widely used two-states summed
ratio fit of the nucleon three-point (3pt) to two-point
(2pt) correlation functions instead of a simultaneous fit
to the summed ratio and conventional 3pt/2pt-ratio as
was done in [44]. The reason is that the 3pt/2pt-ratio fit
for extracting GcE,M(Q
2) is not stable for the ensemble
at the physical pion mass mpi = 139 MeV. We also keep
in mind that the O(m2ca2) errors associated with the lat-
tice spacing can be larger than the case for the GsE,M(Q
2)
matrix elements.
Our calculation comprises numerical compu-
tation with valence overlap fermion on three
RBC/UKQCD domain-wall fermion gauge config-
urations [58, 59]: (ensemble ID, L3 × T , β, a(fm),
mpi(MeV), Nconfig)={(48I, 483 × 96, 2.13, 0.1141(2),
139, 81), (32I, 323 × 64, 2.35, 0.0828(3), 300, 309),
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(24I, 243 × 64, 2.13, 0.1105(3), 330, 203)}. Here L
is spatial and T is temporal size, a is lattice spacing,
mpi is the pion mass corresponding to the degenerate
light-sea quark mass and Nconfig is the number of
configurations. We use 17 valence quark masses across
these ensembles to explore the quark-mass dependence
of the charm electromagnetic form factors. The details
of the numerical setup of this calculation can be found
in [60, 61, 62, 44]. mc was determined in a global fit
on the lattice ensembles with β = 2.13 fm and 2.25
using inputs from three physical quantities, such as
MD∗s , MD∗s − MDs , and MJ/ψ in [63]. Our statistics are
from approximately 100k to 500k measurements across
the 24I to 48I ensembles. The quark loop is calculated
with the exact low eigenmodes (low-mode average)
while the high modes are estimated with 8 sets of Z4
noise [64] on the same (4, 4, 4, 2) grid with odd-even
dilution and additional dilution in time. We refer the
readers to previous work [44] for a detailed discussion
of the similar numerical techniques which have been
used for this calculation. GcE,M(Q
2) can be obtained by
Figure 1: Two-state fits of the 32I and 48I ensembles 3pt/2pt summed
ratio data for GcE,M(Q
2) matrix elements at the unitary points. The col-
ored bands show the fit results. The upper panel shows the fit to matrix
elements for GcE(Q
2) and the lower panel shows that for GcM(Q
2).
the ratio of a combination of 3pt and 2pt correlations
as,
Rµ(~q, t2, t1) ≡
Tr[ΓmΠ
3pt
Vµ
(~q, t2,t1)]
Tr[ΓeΠ2pt(~0, t2)]
×e(Eq−m)·(t2−t1) 2Eq
Eq + mN
. (1)
Here, Π2pt is the nucleon 2pt function, Π3ptVµ is the nu-
cleon 3pt function with the bilinear operator Vµ(x) =
c(x)γµc¯(x), Eq =
√
m2N + ~q
2 and mN is the nucleon
mass, ~q = ~p ′ − ~p is the three-momentum transfer with
sink momentum ~p ′ and the source momentum ~p = 0.
The projection operator for GcE is Γm = Γe = (1 + γ4)/2
and that for GcM is Γm = Γk = −i(1 + γ4)γkγ5/2 with
k = 1, 2, 3. Rµ contains a ratio ZP(q)/ZP(0) , 1, where
ZP(q) is the wavefunction overlap for the point sink with
momentum |~q|. As estimated in [44], the error intro-
duced by neglecting this factor is about ∼ 5% compared
to the statistical error ≥ 30% in the matrix elements and
thus it is ignored in this work. We extract GcE,M(Q
2)
matrix elements using the two-states fit of the nucleon
3pt/2pt summed ratio SR(t2) for a given Q2 and fixed
index in Eq. (1):
SR(t2) ≡
t1≤(t2−t′′)∑
t1≥t′
R(t2, t1) = (t2 − t′ − t′′ + 1)C0+
C1
e−∆mt′′ − e−∆m(t2−t′+1)
1 − e−∆m + C2
e−∆mt′−e−∆m(t2−t′′+1)
1 − e−∆m . (2)
Here, R(t2, t1) is the 3pt/2pt-ratio, t0 and t2 are the
source and sink temporal positions, respectively, and
t1 is the time at which the bilinear operator c¯(x)γµc(x)
is inserted, t′ and t′′ are the number of time slices we
drop at the source and sink sides, respectively, and we
choose t′ = t′′ = 1. Ci are the spectral weights involv-
ing the excited-state contamination. Ideally, ∆m is the
energy difference between the first excited state and the
ground state but in practice, this is an average of the
mass difference between the proton and the lowest few
excited states. As shown in [44], the 3pt/2pt-ratio data
points are almost symmetric between the source and
sink within uncertainty and introducing two ∆m does
not change the fit results of C0. The excited states in the
SR(t2) fit fall off faster as e−∆mt2 compared to the two-
states fit case of the 3pt/2pt-ratio where the excited-
state falls off at a slower rate as e−∆m(t2−t1). These
faster-decreasing excited-state effects allow for fitting
the matrix elements starting from shorter time extents,
as was demonstrated in [65]. In Fig. 1, we present a
sample extraction of GcE,M matrix elements on 48I at
mpi = 139 MeV pion mass at Q2 = 0.25 GeV2 which
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enables us to demonstrate the extraction of ∆m with
signal-to-noise ratio better than at other Q2 data points
on the 48I ensemble. We also present a similar ex-
ample on the 32I ensemble at mpi = 300 MeV and
at the largest Q2 where the excited-state contribution
is expected to be the largest. For example, we obtain
∆m = 0.48(29), C0 = 0.0005(3) on the 48I ensemble
and ∆m = 0.38(20), C0 = 0.00018(4) on the 32I ensem-
ble in the GcE(Q
2) fits.
m0.135 m0.150 m0.182 m0.207 m0.267 m0.331
48I (a = 0.11fm)
m0.251 m0.278 m0.315 m0.341 m0.382
24I (a = 0.11fm)
32I (a = 0.08fm)
m0.261 m0.293 m0.313 m0.349 m0.403
Figure 2: GcE,M(Q
2) matrix elements obtained from the 48I, 32I, and
24I ensembles. Corresponding legends for different pion masses are
included in the lower panel of the figure. The numbers in the legends,
such as m139, m251 represent the data points corresponding to pion
mass 139 MeV and 251 MeV, respectively at different Q2-values. The
cyan band indicates GcE,M(Q
2)|physical. The outer (lighter tinted) cyan
margins represent an estimate of systematic uncertainty. Matrix el-
ements at the same Q2-value but at different pion masses are shown
with small offsets for better visibility.
We present the matrix elements of GcE,M(Q
2) ob-
tained from the fit Eq. (2) in the upper and lower pan-
els of Fig. 2. With the extracted 102 matrix elements
from three gauge ensembles (for each of GcE(Q
2) and
GcM(Q
2)) at different pion masses and Q2, we perform
a simultaneous correlated and model-independent z-
expansion fit [66, 67] to GcE,M(Q
2) in the momentum
transfer range of 0 ≤ Q2 ≤ 1.4 GeV2 and perform chi-
ral, continuum (lattice spacing a→ 0), and infinite vol-
ume limit (lattice spatial extent L → ∞) extrapolations
to obtain the form factors in the physical limit. For such
a fit to GcE(Q
2), we adopt the following fit form
GcE(Q
2,mpi,mpi,vs,mJ/ψ, a, L) =
kmax∑
k=0
λkzk ×
(
1 + A1m2pi+
A2m2pi,vs + A3m
2
J/ψ + A4a
2 + A5
√
L e−mpiL
)
, (3)
where z =
√
tcut + Q2 − √tcut√
tcut + Q2 +
√
tcut
. (4)
In fit Eq. (3), mpi,vs is the partially quenched pion mass
m2pi,vs = 1/2(m
2
pi + m
2
pi,ss) with mpi,ss the pion mass corre-
sponding to the sea quark mass. The mJ/ψ masses for
the lattice ensembles are obtained in [63] and extrapo-
lated to the physical value mJ/ψ = 3.097 GeV [68]. A4
includes the mixed-action parameter ∆mix [69]. The vol-
ume correction in fit (3) has been adopted from [70] to
best describe the data. We use tcut = m2J/ψ, the pole of
cc¯ pair production. We note that this choice is different
from the fit to the strange quark form factor where the
tcut is chosen at 4m2K , because the mass of two kaons is
less than the mass of φ, while the mass of two D mesons
is greater than the mass of J/ψ. One may also consider
ηc, which is a bit lighter, but J/ψ is more likely to be
produced from a vector current.
The inclusion of higher-order terms beyond kmax = 4
has no statistical significance and is not considered in
the z-expansion fit (3). We obtain χ2/d.o.f. = 1.17
for the fit (3) and the fit parameters are λ0 = 0,
λ1 = 0.084(15), λ2 = −2.38(60), λ3 = 6.04(9.79),
λ4 = −0.13(5.79), A1 = −1.05(52), A2 = −0.18(84),
A3 = 0.025(86), A4 = −0.24(60), A5 = −0.02(34).
Replacing the correction term A1m2pi by A1mpi results in
negligible change in the final result. A faster decreasing
volume correction exp(−mD0 L) correction gives A5 =
0.008(21) which is a smaller correction compared to
exp(−mpiL) as expected and they are in statistical agree-
ment. The significant increase of the uncertainty in the
physical value of GcE(Q
2) at larger Q2 is due to the fact
that the data points on the 24I and 32I ensembles are at
much heavier pion mass compared to the matrix element
at the physical mpi = 139 MeV on the 48I ensemble and
there exist no LQCD data points at Q2 ≥ 0.31 GeV2
on the 48I ensemble. We also see a similar feature for
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GcM(Q
2) shown in the lower panel of Fig. 2. The cyan
band in Fig. 2 represents GcE(Q
2)|physical in the physical
limit after the quark mass, finite lattice spacing and vol-
ume corrections have been implemented using the fit pa-
rameters listed above. Since most of the Ai corrections
do not have statistical significance, we explore the above
fit with separate combinations of Ai, for example, with
A1&A4, A1&A5, and A1, A4,&A5 correction terms. For
these fits, we obtain {A1, A4} = {−0.77(18),−0.23(37)},
{A1, A5} = {−0.89(22),−0.28(36)}, and {A1, A4, A5} =
{−0.86(22),−0.26(37),−0.24(35)}, while the physical
GcE(Q
2) remains essentially unchanged with slightly
smaller final uncertainties compared to when all Ai cor-
rections are included. A similar investigation for the
GcM(Q
2) fit results in a similar conclusion.
The systematic uncertainty is estimated by calculat-
ing the differences between GcE(Q
2)|physical and GcE(Q2)
obtained from the fit Eq. (3) by considering the correc-
tions of the A3, A4, A5 terms from the mJ/ψ-value on the
24I ensemble obtained in [63], the smallest lattice spac-
ing from the 32I ensemble, and the 48I ensemble with
the largest volume, respectively. The systematic uncer-
tainty has been added as lighter-tinted margins to the
statistical uncertainty band in Fig. 2.
To obtain GcM(Q
2) in the physical limit and in the
0 ≤ Q2 ≤ 1.4 GeV2 momentum transfer region, we
adopt the following empirical fit form with the volume
correction term adopted from [71]:
GcM(Q
2,mpi,mpi,vs,mJ/ψ, a, L) =
kmax∑
k=0
λkzk ×
(
1 + A1m2pi+
A2m2pi,vs + A3m
2
J/ψ + A4a
2 + A5mpi
[
1 − 2
mpiL
]
e−mpiL
)
.
(5)
We limit the kmax = 3 in our fit. Additional terms in
the z-expansion have no statistically significant effect
on GcM(Q
2)|physical. With the χ2/d.o.f. = 1.14 in the
fit (5), we obtain the fit parameters λ0 = −0.00127(38),
λ1 = 0.054(20), λ2 = −0.86(70), λ3 = 0.45(8.22),
A1 = 0.0007(25), A2 = −0.001(4), A3 = 0.0002(6),
A4 = 0.001(4), and A5 = −0.029(40). The system-
atic uncertainty of GcM(Q
2)|physical is obtained in a simi-
lar way as for the case of GcE(Q
2)|physical.
The electric and magnetic radii can be extracted from
the slope of the GcE,M(Q
2) form factors as Q2 → 0:
〈r2E,M〉c = − 6
dGcE,M(Q
2)
dQ2
∣∣∣∣∣
Q2=0
= − 6
(
λ1
4tcut
)
. (6)
Using the λ1-values from above, we obtain
〈r2E〉c = − 0.0005(1) fm2,
〈r2M〉c = − 0.0003(1) fm2. (7)
While the existence of a nonzero GcE(Q
2) (and thus
the Dirac Fc1(Q
2) form factor) is related to a nonzero
asymmetry of the [c(x) − c¯(x)] distribution, a nonzero
GcM(Q
2) (and thus Pauli Fc2(Q
2) form factor) imme-
diately implies that there is a nonzero orbital angu-
lar momentum contribution to the nucleon from the
charm quarks. The Pauli form factor Fc2(Q
2) has the
LFWF representation as the overlap of the states dif-
fering by one unit of orbital angular momentum. It
is thus closely related to the spin sector of the charm
quark sea in the proton. Fc2(Q
2) is also given by the
first x moment of the generalized parton distribution
Ec(x, ξ, t), t = −Q2, which contributes to the second
term of Ji’s sum rule [72]. Therefore, our result µcM =−0.00127(38)stat(5)sys indicates a nontrivial role of the
charm quark sea in understanding the spin content of
the proton.
3. A nonperturbative model for computing the in-
trinsic [c(x) − c¯(x)] asymmetry in the nucleon
Although a model-independent determination of IC
distributions from the charm quark form factors is not
possible at the moment, the underlying physics, gov-
erned by QCD, does imply some important connections
and constraints, such as the QCD inclusive-exclusive
connection [73, 74, 75]: It relates hadron form factors
at large Q2 to the hadron structure function at x → 1,
leading to simple counting rules. Furthermore, since the
c and c¯ carry opposite charges, the charm quark form
factor measures the difference of the transverse charge
density [76] between the c and c¯ quarks. For a posi-
tive charge form factor, like those shown in Fig. 2, the
charm quark distribution is more spread out than the an-
ticharm distribution in qT -space, where qT is the Fourier
conjugate variable of the transverse coordinate bT and
q2T = Q
2. As a feature of Fourier transform, the charm
quark density ρ(bT ) is more centralized in bT -space than
the anticharm quark. Representing the density as the
square of the wave function, ρ(bT ) = |ψ˜(bT )|2, one can
easily find the kT -space wave function ψ(kT ) is more
spread out for the charm quark, where kT is the intrin-
sic transverse momentum. Thus the actual distribution
for a positive charge form factor favors the c quark car-
rying higher momentum than the c¯ quark. As a result,
the [c(x) − c¯(x)] distribution will favor negative values
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in the low-x region and positive values in the high-x re-
gion. We note that a strict definition of the transverse
charge density is given by the Fourier transform of the
Dirac form factor Fc1(Q
2), which dominates the charge
form factor GcE(Q
2) in the low-Q2 regime.
For a quantitative estimation of [c(x) − c¯(x)], one
currently has to rely on additional assumptions, al-
though the form factor result does indicate some qual-
itative features of the distribution function based on
the discussions above. Here we take the nonpertur-
bative phenomenological model in [48], which relates
the form factor and sea-quark distribution functions
with minimal parameters. The formalism is based
on the gauge/gravity correspondence [77], light-front
holographic mapping [51, 52, 56], and the generalized
Veneziano model [53, 54, 55]. In the following, we re-
fer to this model as LFHQCD. The charm quark Dirac
and Pauli form factors are given by [78]
Fc1(Q
2) =
∑
τ
cτ[Fτ(Q2) − Fτ+1(Q2)], (8)
Fc2(Q
2) =
∑
τ
χτFτ+1(Q2), (9)
where τ is the number of constituents of the Fock state
component. The leading Fock state with nontrivial con-
tribution to the charm form factor is |uudcc¯〉, which is a
τ = 5 state. With additional intrinsic sea quark pairs, the
Fock states, e.g. |uuduu¯cc¯〉, |uuddd¯cc¯〉, etc., will con-
tribute to τ = 7 terms. If also considering the possibility
of intrinsic gluon constituents, one may have the contri-
bution from |uudcc¯g〉, τ = 6, and/or higher Fock states.
Form factor Fτ can be expressed in a reparametriza-
tion invariant form [56]
F(t)τ =
1
Nτ
∫ 1
0
dx w′(x)w(x)−α(t) [1 − w(x)]τ−2 , (10)
where α(t) is the Regge trajectory, and Nτ is a normal-
ization factor; w(x) is a flavor independent function with
w(0) = 0, w(1) = 1 and w′(x) ≥ 0. We use the same uni-
versal form of the function w(x) from [56]
w(x) = x1−xe−a(1−x)
2
, (11)
with a = 0.480 [83]: It incorporates Regge behavior
at small x with the J/ψ intercept (14), w(x) → x as
x→ 0, and the inclusive-exclusive counting rule at large
x, qτ(x) → (1 − x)2τ−3, as x → 1 [56]. The light front
holographic approach leading to these results is based
on the underlying conformal algebra which leads to lin-
ear Regge trajectories. The spin-flavor coefficients cτ
and χτ are parameters to be determined from the LQCD
computation of GcE(Q
2)|physical and GcM(Q2)|physical to ob-
tain Fc1(Q
2). The constraint that the numbers of charm
and anticharm quarks are identical for each Fock state
component has been incorporated in Eq. (8).
Then the asymmetric charm-anticharm distribution
function is
c(x) − c¯(x) =
∑
τ
cτ[qτ(x) − qτ+1(x)], (12)
where τ ≥ 5 and
qτ(x) =
1
Nτ
w(x)−α(0)[1 − w(x)]τ−2w′(x). (13)
We should note here that the coefficients cτ in Eq. (12)
are the same as those in Eq. (8). Therefore, once they
are determined by the form factor, one can make predic-
tions for the distribution functions.
The form factors and distribution functions above
are derived at the massless quark limit and one may
have different approaches to incorporate quark mass
corrections. For small quark masses (up, down and
strange) the latter can be treated perturbatively, leav-
ing the Regge slope unchanged and leading to a mod-
erate change of the intercept. The resulting spectra are
in very good agreement with experiment [51, 79]. The
situation is more intricate for the case of heavy quarks,
like c quarks, since now conformal symmetry is strongly
broken and the occurrence of linear trajectories is far
from obvious. It has been shown, however, that the for-
malism can indeed be extended to heavy quark bound
states [80, 81], leading to a fair agreement with the data.
In this case, the Regge trajectories are still linear, but the
slope depends on the heavy quark mass. The intercept
changes quite drastically with the quark mass.
The J/ψ Regge trajectory obtained in [81] is
α(t)J/ψ =
t
4κ2c
− 2.066, (14)
where κc = 0.874 GeV. This result agrees with the one
obtained in a phenomenological potential model [82].
The large change of the intercept as compared to light
quarks removes the small-x singularity of quark dis-
tribution functions while keeping the counting rules at
large Q2 and at large x unchanged. The change of the
slope affects only the generalized parton distribution
function. The quark distribution difference [c(x) − c¯(x)]
is not sensitive to the choice of the mass correction pro-
cedure, since the quark mass affects equally charm and
anticharm distributions.
In practice, one needs to truncate the expansion in
Eq. (8) to have numerical results. For simplicity, we
only keep the lowest Fock state containing the charm
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quark components, i.e., τ = 5. The coefficient cτ is de-
termined, through Eqs. (8) and (9) by the lattice results
of GcE(Q
2) and GcM(Q
2) at the physical limit. We per-
form a fit to the extracted results of GcE(Q
2)|physical and
GcM(Q
2)|physical, i.e., the bands in Figs. 2. Since the lat-
tice data from different ensembles are evaluated at dif-
ferent Q2 values, and have been utilized to determine the
quark mass, lattice spacing, and finite volume effects,
the effective number of data points in the physical limit
is 6 for GcE(Q
2)|physical and 6 for GcM(Q2)|physical1. To re-
ally capture the uncertainty, we create 200 replicas from
the extracted bands. Each replica is firstly generated by
randomly sampling 6 data points of GcE(Q
2)|physical and
6 data points of GcM(Q
2)|physical from the extracted bands
within 0 < Q2 < 1.4 GeV2, which are covered by the
lattice data. Then for each data point, the central value
is resampled with a Gaussian distribution according to
its uncertainty. In addition, we also randomly shift the
value of κc within ±5% in each single fit of one replica to
incorporate the theoretical uncertainty. The coefficient
determined from the fit is cτ=5 = 0.018(3).
Having obtained the charm coefficient cτ=5 from the
lattice computation, we use Eq. (12), to obtain the asym-
metric charm-anticharm distribution function x[c(x) −
c¯(x)] shown in Fig. 3. The result from the fit is in agree-
ment with the qualitative analysis at the beginning of
this section, namely, that the charm quark tends to carry
larger momentum than the anticharm quark based on the
lattice results for the charm quark form factors. From
the x[c(x) − c¯(x)] distribution obtained by combining
LQCD results from GcE,M(Q
2) and the LFHQCD formal-
ism, we can calculate the first moment of the difference
of c(x) and c¯(x) PDFs to be
〈x〉c−c¯ =
∫ 1
0
dx x [c(x) − c¯(x)] = 0.00047(15), (15)
where the total uncertainty is obtained from the fitting
error in cτ=5 and 5% variation in κc. The [c(x) − c¯(x)]
distribution result is about 3 times smaller in magnitude
than the s(x) − s¯(x) distribution obtained with the same
formalism [48]. Although a small asymmetry could
be a result of the cancellation of two relatively large
c(x) and c¯(x) distributions, it is possible that the intrin-
sic charm and anticharm distributions are both small.
Furthermore, the charm and anticharm distributions at
high energy scales are dominated by the extrinsic sea
1For each ensemble we have data points at 6 different Q2. A si-
multaneous fit of the data from three ensembles (48I, 32I, 24I) with
different quark masses, lattice spacings, and volumes leads to the re-
sults in the physical limit.
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Figure 3: The distribution function x[c(x) − c¯(x)] obtained from the
LFHQCD formalism using the lattice QCD input of charm electro-
magnetic form factors GcE,M(Q
2). The outer (lighter tinted) cyan mar-
gins represent an estimate of systematic uncertainty in the x[c(x) −
c¯(x)] distribution obtained from a variation of the hadron scale κc by
5%.
from perturbative radiation. The experimental observa-
tion and isolation of the intrinsic charm effect are ex-
tremely challenging in such cases. Thus it is not sur-
prising that the recent measurement of J/ψ and D0 pro-
ductions by the LHCb collaboration [15] found no in-
trinsic charm effect. An ideal place to investigate intrin-
sic charm would be the J/ψ or open charm productions
at relatively low energies, e.g., at JLab, although it is
also possible to see intrinsic charm effects in very ac-
curate measurements of high energy reactions. In addi-
tion, lepton-nucleon scattering may provide a cleaner
probe than nucleon-nucleon scattering to help reduce
backgrounds and increase the chance to observe the in-
trinsic charm effect, and therefore the future EIC will
provide such opportunities.
The nonzero value of GcE(Q
2) can also originate
from the interference of the q → gq → cc¯q and
q → ggq → cc¯q sub-processes, without the exis-
tence of IC. However, as mentioned earlier, this extrin-
sic [c(x) − c¯(x)] asymmetry which arises at the next-to-
next-to-leading order level is negligible [40]. Moreover,
according to [40], this extrinsic asymmetry would re-
sult in a much smaller and negative value of the first
moment of [c(x) − c¯(x)] distribution 〈x〉c−c¯ compared to
〈x〉c−c¯ = 0.00047(15) obtained in this calculation. A
negative value for 〈x〉c−c¯ would also result in a positive
[c(x) − c¯(x)] distribution at small x and a negative dis-
tribution at large x, in contrast to the [c(x)− c¯(x)] distri-
bution we have obtained here. But the evidence based
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on the [s(x) − s¯(x)] distribution in [48], the EMC mea-
surement [10], and perturbative QCD computation [40]
seem to indicate extremely small values of extrinsic
charm for x > 0.1. The present determination of the
[c(x) − c¯(x)] distribution from LQCD supports the ex-
istence of nonperturbative intrinsic heavy quarks in the
nucleon wavefunction at large x ∼ 0.3−0.5 with a mag-
nitude consistent with experimental signals. A conse-
quence of this result is Higgs production at large xF >
0.8 in pp collisions at the LHC from the direct coupling
of the Higgs to the intrinsic heavy quark pair [84].
4. Conclusion and outlook
In this article, we have presented the first lattice
QCD calculation of the charm quark electromagnetic
form factors in the physical limit. This first lattice
QCD calculation indicates that a nonzero charm elec-
tric form factor corresponds to the intrinsic charm-
anticharm asymmetry in the nucleon sea, thereby pro-
viding an indication of the existence of nonzero intrinsic
charm based on a first-principles calculation. In addi-
tion, the nonzero value of the charm magnetic form fac-
tor indicates a nonzero orbital angular momentum con-
tribution to the nucleon coming from the charm quarks.
We have discussed that the existence of IC is supported
by QCD and how an accurate knowledge of the intrinsic
charm can help to remove bias in the global fits of PDFs
and related phenomenological studies.
Motivated by the new lattice results, we have used the
nonperturbative light-front holographic framework in-
corporating the QCD inclusive-exclusive connection at
large x to determine the [c(x)− c¯(x)] asymmetry up to a
normalization factor, which is constrained by the lattice
QCD calculation. Since the LFHQCD calculation starts
from a nucleon Fock state with hidden charm, the parton
distributions determined in this model refer exclusively
to intrinsic charm where the small-x behavior is deter-
mined by the J/ψ intercept. On the other hand, con-
tributions from gluon splitting are supposed to be de-
termined by the pomeron trajectory with a much higher
intercept. These features will be discussed in a separate
publication.
The new determination of the [c(x) − c¯(x)] asymme-
try presented here gives additional elements and further
insights into the existence of intrinsic charm. It also can
provide complementary information to the global fits of
PDFs which look for the possibility of IC in the absence
of ample experimental data.
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